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Abstract. We have studied the paradigm of cosmic inflation using the simplest model based
on the idea of supersymmetric hybrid inflation with non-minimal coupling to gravity, specially
under the slow-roll approximation following the superconformal approach to supergravity. It
is found that within a range of values of the non-minimal coupling parameter ξ, the model
can accommodate the inflation data reported by the Planck (ns and upper limit of r) and
BICEP2/Keck (upper limit of r) collaborations. The study shows that the most probable
value of ξ should be ∼ 0.0134 ± 0.0005. That is coupling is found to be very week. Within
this range of ξ, the values of r estimated from our model for 50− 70 e-foldings are found to
be laying well below the upper limits set by the Planck and BICEP2/Keck collaborations.
Similarly, values of ns obtained for the said parameters are in good agreement with its latest
data of the Planck collaboration. The constraint equations for the running of the scalar
spectral index nsk and its running nskk are derived from the numerical solutions of our
model for these parameters. These equations can be used to test our model from the data of
future cosmological observations.
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1 Introduction
The paradigm of cosmic inflation [1–7] not only solved the outstanding problems of modern
cosmology, such as the horizon and flatness problems [6, 7], but also it explains the origin of
the temperature anisotropy of Cosmic Microwave Background (CMB) radiation as observed
by the Cosmic Background Explorer (COBE) satellite [8]. The recent observations of the
Planck satellite [9, 10] on the CMB anisotropies has provided even more strong evidence of
the existence of the epoch of inflation. The tempting evidence of the cosmic inflation comes
from the BICEP2 experiment [11], who recently claimed to has been detected the B-mode
polarization of the CMB temperature anisotropy. These detected B-modes are supposed to
be generated by primordial gravitational waves, which are due to quantum fluctuations of the
graviton. So, if this result is confirmed by future checks then it will establish that the gravity
is ultimately a quantum theory. This would imply that the physics of cosmic inflation, which
we still do not understand in the fully fundamental sense, lies beyond the standard model.
However, the latest results from the analysis of data taken by the BICEP2 and Keck Array
[12] set a (combined) upper limit for the B-mode polarization that is in consistent with the
upper limit set by the most recent results of Planck experiment [10] as well as set by the
WMAP experiment [13] earlier.
According to a large number of models of cosmic inflation, the inflation is generated
by a homogeneous scalar field, called inflaton, which under suitable conditions may lead to
an early-time accelerated expansion of the Universe. The magnitude of the inflaton field is
typically very large at the beginning of the inflation and then it rolls down towards a potential
minimum where the inflation ends (as an example for chaotic inflation see Ref. [14]). Another
important but complex class of models which are based on a phase transition between two
scalar fields are known as hybrid or double inflation models [15, 16]. In the hybrid inflation
scenario one of the two interacting fields generates the inflation and is known as the inflaton
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field as usual. The second field which is dubbed as the waterfall field remains ineffective
during inflation, but it ends the inflation by triggering an instability at a time when the
inflaton field reaches the minimum of its potential. The waterfall field is a heavy field so that
it can generate sufficient instability to stop the inflation.
As the inflation takes place at a much higher energy scale (the Planck scale) than the
electroweak energy scale, a hierarchy problem exists between these two energy scales [17].
One of the most effective natural solution to this problem is the implementation of the theory
of supersymmetry (SUSY) [18], which ensures the stability of such a large hierarchy against
radiative corrections, to the theory of inflation. This stability is very essential to keep the
flatness of inflaton potential at the quantum level. Thus, it is important to study inflation
in the framework of the gravity version of SUSY, i.e., in the framework of supergravity.
The hybrid inflation scenario has the natural structure that is suitable to incorporate the
framework of supergravity within it. The only new constraint brought to this scenario by
supergravity is that, the inflaton field values should be less than the reduced Planck mass,
otherwise flatness of the potential may be destroyed making the onset of inflation more
difficult [19, 20].
Application of SUSY to the inflationary paradigm shows that the Higgs doublet su-
perfield has to play the role of inflaton field. This supersymmertic Higgs model inflation
requires only local SUSY, i.e. supergravity to solve the Einstein equation. Again for the
mass of the Higgs field to lie within the bound set by current findings of LHC [21] and to
get sufficiently flat Higgs field potential, there must be a large non-minimal coupling of the
Higgs field to the curvature scalar, of the form ξφ2R. The Jordan frame action of the inflaton
field in such models contain a canonical kinetic term of the Higgs field but the gravity part
of the action changes due to the non-minimal coupling of gravity with Higgs field. With
this action it is not possible to use familiar equation of general relativity, the inflationary
solutions and the standard slow-roll analysis. However, all these can be achieved if one makes
the transformation of the action from Jordan frame to the Einstein frame where variables
show minimal coupling between the Higgs field and the gravity [22]. This transformation
can be done by the superconformal approach to supergravity developed in [23], so that the
original superconformal symmetry can be recovered. Most recently there is a wave of inter-
est to implement the supergravity in the inflationary paradigm using non-minimal gravity
coupling with the Higgs inflation field via superconformal approach to supergravity (e.g. see
[17, 24–45] and references therein). This wave is mainly to study the behaviour of various
models derived in the past in the context of general relativity coupled to scalar fields with
or without supersymmetry. The flow in this context is mainly concentrated towards the
direction of the chaotic inflation scenario only. However, in Refs.[46–50] different aspects
of inflation including primordial perturbations and isocurvature modes were studied using
the multifield model with non-minimal coupling to gravity within the domain of standard
theories. Similarly, the connection between hybrid inflation and the models of Higgs inflation
in supergravity with non-minimal coupling was analysed in the Refs.[51, 52], wherein it was
shown that the observable gravitational waves can be achieved by avoiding transplanckian
excursions of the initial (non-canonically normalized) inflaton and without provoking any
problem with perturbative unitarity. Thus study of hybrid inflationary models in super-
gravity with non-minimal coupling to gravity would be interesting and hence it invites our
attention in this direction.
There are two types of hybrid inflation models derived from SUSY: F-term and D-term
hybrid inflation [53]. As the F-term type naturally fits with the Higgs mechanism so most
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of the studies are done on this type of hybrid inflation models only. As such, in this work
we study the simplest F-term SUSY hybrid inflation model [54, 55] with a non-minimal
coupling to gravity to see the consequences of this coupling in a simplest possible mean. In
this context, it should be mentioned that in the Ref.[56] a systematic study was done on
the suitability of inflation model building in Jordan frame supergravity, where it shows that
the inflationary models have strong dependency on non-minimal coupling to gravity and in
many cases the supergravity contributes to the flattening of the potential in the Einstein
frame, that would be suitable for slow-roll inflation. Here, we will basically investigate the
above cited model in the Einstein frame under the slow-roll inflation scenario, in the light of
recent cosmological observations. The rest of the paper is organized as follows: For clarity
of the theoretical basis of the work we introduce the idea of the superconformal approach to
supergravity in the next section. In the section 3 we develop the cited hybrid inflation model
with a non-minimal coupling to gravity. Features of the developed model and their possible
consequent implications following the slow-roll approximation scenario are discussed in the
section 4 and 5. We conclude our work finally in the section 6.
2 Superconformal theory in supergravity
Until recently it was not possible to implement the idea of Higgs inflation in SUSY models
because the superconformal theory brings the supergravity action directly to the Einstein
frame, after which the original superconformal symmetry can not be recovered [45]. With
the new approach developed in [23], it is now possible to formulate supergravity action in
the Jordan frame by setting the superconformal compensator in a more general and flexible
way. The complete N = 1, 4D supergravity action in Jordan frame derived in [23] is
SJ =
∫
d4x
√−gJ
[
− F(X , X¯ )
6
{RJ − Ψ¯µRµ} − 1
6
(∂µΦ)(Ψ¯ · γΨµ) + L0 + L1/2 + L1
+ Lm + Lmix + LD + LDf − VJ
]
. (2.1)
In this action, F(X , X¯ ) is the general frame function, which is an arbitrary function of
complex scalar superfields X and X¯ . Ψµ is the gravitino field with its kinetic term Rµ. The
kinetic terms of spin 0, 12 and 1 fields are represented by L0, L1/2 and L1 respectively. Lm,
Lmix, LD and LDf represent the fermion mass terms, mixing terms, kinetic D terms and
4-fermion terms respectively. The details about all these terms can be found in [23]. VJ is
the Jordan frame potential given by [22, 23]
VJ =
F2(X , X¯ )
9
[
eK(X ,X¯ )
{
∇αW(X )gαβ¯∇β¯W¯(X )− 3W(X )W¯(X )
}
+
1
2
(Re f(X ))−1 AB PAPB
]
, (2.2)
where K(X , X¯ ) is Ka¨hler potential, W(X ) is the holomorphic superpotential, fAB(X ) is the
kinetic gauge matrix, PA is the momentum map or Killing potential (it encodes the Yang-
Mills transformation of the scalars), gαβ¯ is the Ka¨hler metric, which is given by the second
derivative of the Ka¨hler potential
gαβ¯(X , X¯ ) =
∂2K(X , X¯ )
∂Xα∂X¯ β¯ ≡ Kαβ¯(X , X¯ ), (2.3)
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and ∇αW(X ) denotes the Ka¨hler-covariant derivative of the superpotential which has the
form,
∇αW(X ) ≡ Wα(X ) +Kα(X , X¯ )W(X ). (2.4)
Here the subscript α denotes derivative with respect to complex field Xα.
If we set F = − 3 in the action (2.1), the general N = 1, 4D supergravity action in
an arbitrary Jordan frame reduces to the well known action of N = 1, 4D supergravity in
the Einstein frame, where the curvature R appears in the action only through the Einstein-
Hilbert term 12
√−gER(gE), with gµνE as the space-time metric in the Einstein frame. It
should be noted that the bosonic sector action of N = 1 supergravity coupled to chiral
and vector matter multiplets is usually given in the Einstein frame [23]. The corresponding
potential in the Einstein frame takes the form:
VE = e
K(X ,X¯ )
[
∇αW(X )gαβ¯∇β¯W¯(X )− 3W(X )W¯(X )
]
+
1
2
(Re f(X ))−1 AB PAPB = V FE + V DE , (2.5)
where
V FE = e
K(X ,X¯ )
[
∇αW(X )gαβ¯∇β¯W¯(X ) − 3W(X )W¯(X )
]
(2.6)
is the F-term potential and
V DE =
1
2
(Re f(X ))−1 AB PAPB (2.7)
is the D-term potential. Consequently the potential (2.2) in the Jordan frame is related to
the potential (2.5) in the Einstein frame by
VJ =
F2(X , X¯ )
9
VE. (2.8)
The action in the Jordan frame can be obtained from the Einstein frame action by rescaling
only the metric and the farmions. In [23] this is done by using an N = 1, 4D superconformal
theory [57] with local SU(2, 2|1) symmetry. Under this superconformal transformation the
metric in a Jordan frame is related to the metric in the Einstein frame by
gµνJ = Ω
2gµνE , (2.9)
where the superconformal factor Ω2 can be identified as
Ω2 = −F(X , X¯ )
3
= e−
K(X ,X¯)
3 > 0. (2.10)
The second choice of Ω2 in this equation yields a purely bosonic action in N = 1, 4D
supergravity in a particular Jordan frame considered in [58, 59] for the superHiggs Effect.
Moreover, in order to have canonical kinetic terms in a purely bosonic action (which has
special interest in cosmology), the frame function F should have the form [23]:
F(X , X¯ ) = −3 + δαβ¯XαX¯ β¯ + J (X ) + J¯ (X¯ ), (2.11)
i.e. for this choice
Ω2 = 1− 1
3
(
δαβ¯XαX¯ β¯ + J (X ) + J¯ (X¯ )
)
, (2.12)
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where J (X ) and J¯ (X¯ ) are the holomorphic functions of scalars.
The supergravity theories in which scalars are conformally coupled to gravity, kinetic
terms are canonical, and the supergravity potential coincides with the global theory potential
are known as Canonical Superconformal Supergravity (CSS) models [22]. The supergravity
potential in CSS Jordan frame for generic cubic superpotential is same as the global SUSY
scalar potential [22, 45, 53]. The F-term of this potential is
VJ =
∑
α
∣∣∣∣∂W(X
α)
∂Xα
∣∣∣∣
2
, (2.13)
where sum is taken over all the superfields Xα. The corresponding F-term supergravity
potential in the Einstein frame is related with the frame function (2.11) or with the conformal
factor (2.12) via the relation (2.8) [22]. That is in the CSS models, for a cubic superpotential
the F-term Einstein frame potential can be obtained from the F-term Jordan frame potential
itself. But in general, where the superpotential is not cubic, the Einstein frame F-term
potential in the generic supergravity theory is quite complicated as given in the equation
(2.6). In such a case the F-term Jordan frame potential has to be calculated from the
corresponding Einstein frame potential using the relation (2.8).
We can preserved the superconformal symmetry of matter multiplets by setting J (X ) =
0. In this case, the non-minimal coupling of the scalar fields become fixed and hence the
scalar fields are conformally coupled to gravity. However, we can break the superconformal
symmetry explicitly by setting an appropriate holomorphic function J (X ), which will include
the nontrivial non-minimal coupling to gravity [22, 24, 45]. An important possibility, in our
context, to break the superconformal symmetry of the matter multipletes in the supergravity
action is to introduce a dimensionless parameter in the holomorphic function J (X ). As
a simple illustration, if we denote this parameter by χ and introduced two complex scalar
fields, viz., X and Φ, then after the gauge fixing, the holomorphic function J (X ) can be
expressed as −3χ4 Φ2 [22, 45], which is independent of the field X. Under this situation the
frame function (2.11) and the conformal factor (2.12) turn out to be [22]
F(X,Φ, X¯ , Φ¯) = −3 + (|X|2 + |Φ|2)− 3
4
χ
(
Φ2 + Φ¯2
)
= −3 + |X|2 − 3
2
ξ
(
Φ+ Φ¯
)2 − 3
2
(
1
3
+ ξ
)(
Φ− Φ¯)2 (2.14)
and
Ω2(X,Φ, X¯ , Φ¯) = 1− 1
3
|X|2 + 1
2
ξ
(
Φ+ Φ¯
)2
+
1
2
(
1
3
+ ξ
)(
Φ− Φ¯)2 , (2.15)
where X¯ and Φ¯ are complex conjugate fields of X and Φ respectively, and ξ = −16 + χ4 . It
is now obvious that when ξ = −16 or χ = 0, all scalar fields in Jordan frame are conformally
coupled to gravity. However, when ξ = −13 or χ = −23 the imaginary part of the scalar field
Φ is decoupled from the curvature scalar R, i.e. it is minimally coupled to gravity. Similarly,
when ξ = 0 or χ = 23 , the real part of the scalar field Φ is minimally coupled to gravity
[22, 45]. As we are interested in the non-minimal coupling of the real part of the scalar field
Φ with gravity, so we must have ξ > 0. This will introduce the non-minimal coupling term in
the action (2.1) for the real part of the scalar field Φ as ξ2φ
2R, where φ/
√
2 =
(
Φ+ Φ¯
)
/2 is
the real part of Φ. For such non-minimal coupling, the F-term supergravity potential in the
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Einstein frame in general, with our present scalar fields can be calculated from the formula
in equation (2.6) and this potential in the Jordan frame can be found as
VJ(X,Φ, X¯ , Φ¯) = VE(X,Φ, X¯ , Φ¯)
[
1− 1
3
|X|2 + 1
2
ξ
(
Φ+ Φ¯
)2
+
1
2
(
1
3
+ ξ
)(
Φ− Φ¯)2
]2
.
(2.16)
Thus, the above discussion showed that it is possible to get inflation models in supergravity
with the non-minimal coupling to gravity. In the following we will make a study of the
inflationary dynamics arising out of the generic F-term supergravity potential in the Einstein
frame for a given superpotential discussed in the next section. Throughout our above and
further discussion we used the unit withMP = 1, which can be recovered wherever is required.
3 The Model
We consider the simplest F-term SUSY hybrid inflation model, which is given by the most
general form of superpotential [54, 55]
W(Φ,S, S˜) = λΦ
(
SS˜ − v
2
2
)
, (3.1)
where λ is a dimensionless coupling parameter, v is another constant parameter, Φ is a gauge
singlet superfield containing the inflaton and S, S˜ is a conjugate pair of supperfields play the
role of waterfall field. The superpotential (3.1) has the R symmetry under whichW → eiγW,
Φ→ eiγΦ and SS˜ is invariant [55]. Because of this symmetry this model does not require fine
tuned parameters, which can be naturally obtained by the breaking of GUT gauge symmetry.
E. g., such GUT gauge symmetry groups are GB−L(≡ SU(3)C×SU(2)L×U(1)Y ×U(1)B−L),
GLR(≡ SU(3)C ×SU(2)L×SU(2)R×U(1)B−L) and G5X (≡ SU(5)×U(1)X ) (for details see
Refs. [60, 61] and related references therein). This model is attractive mainly because it is
possible to embed it in the particle physics framework. Moreover, it is simple as it has only
two parameters λ and v.
The Jordan frame action of our model (i. e. for the scalar fields zα = Φ, S, S˜) can be
written as [23, 24, 51]
SJ =
∫
d4x
√−gJ
[
− F
6
RJ −Fαβ¯DµzαDµz¯β¯ + FAµAµ − VJ
]
, (3.2)
where F is the frame function as given by equation (2.14), Fαβ¯ = ∂
2F
∂zα∂z¯β¯
and Dµ = ∂µ−AAµκαA
are the covariant derivatives of scalar fields zα. Here AAµ represents the vector gauge fields
and καA for the Killing vector. Aµ is the purely bosonic part of the on-shell value of the
auxiliary field Aµ of supergravity, which is given by
1
Aµ = − i
2F
(FαDµzα −Fα¯Dµz¯α¯) . (3.3)
Here Fα = ∂F∂zα . Thus the kinetic terms of the scalar fields are partly determined by the
value of Aµ. However, to achieve the canonical kinetic terms of scalar fields in the Jordan
1Depending on a gauge field, the auxiliary pseudovector has an additional contribution, + 1
6
iA
A
µ (rA −
r¯A) if the Ka¨hler potential is not gauge-invariant in direction A. Here rA is the holomorphic part of the
transformation of the Ka¨hler potential under gauge symmetry [23, 24].
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frame within the relation between K and F given by the equation (2.10), it is required that
Fαβ¯ = δαβ¯ and Aµ = 0 [23, 24]. The first requirement can be achieved with our choice
of the frame function (2.11) (whose explicit form is given by the equation (2.14)). But
second requirement can not be achieved in general due to the angular modes of complex
scalar fields, except in the case when the moduli |zα| dominate the dynamics during the
cosmological evolution, the scalar kinetic terms can be of canonical form [23, 24].
Now using the superconformal transformation relation (2.9) via relation (2.10), the
Einstein frame action of our model can be expressed as [23, 24, 51]
SE =
∫
d4x
√−gE
[
1
2
RE −Kαβ¯gµνE DµzαDν z¯β¯ − VE
]
, (3.4)
where the property (2.3) is used in this expression and VE is the Einstein frame potential
which is given by the equation (2.6) in general. As discussed in the previous section, it is clear
from the first term of the r.h.s. of this expression that action in the Einstein frame SE exhibits
minimal couplings of the scalar fields zα to RE . As already mentioned in the previous section,
due to our choice of holomorphic function J , our model will give supergravity inflation with
non-conformal but non-minimal coupling to gravity.
For the superfields Φ, S and S˜, the superconformal factor (2.15) can be written in a
convenient form as
Ω2 = 1− 1
3
(SS¯ + S˜ ¯˜S +ΦΦ¯) + 1
4
χ(Φ2 + Φ¯2) +
1
3
ζ(ΦΦ¯)2, (3.5)
where χ = 4(ξ+ 16) and the last term with the second order coupling parameter ζ is introduced
to stabilize the inflation by avoiding negative value of the potential VE during inflation.
Again from the relation (2.10), we may get the relation between the Ka¨hler potential K
and Ω2 as
K = − 3 ln Ω2. (3.6)
This relation leads another relation between K and Ω2, which is
eK = Ω−6. (3.7)
Using equations (2.4) and (3.7), the supergravity F-term scalar potential in the Einstein
frame VE can be obtained from the equation (2.6) for the superfields Φ, S and S˜ in the form:
VE = Ω
−6gαα¯
[
WαW¯α¯ +WαKα¯W¯ +KαW¯α¯W +KαKα¯|W|2
]
− 3Ω−6|W|2, (3.8)
where subscripts α and α¯ denote derivatives with respect to our superfields and their complex
conjugates respectively, and gαα¯ are the diagonal elements of conjugate Ka¨hler metric for
these superfileds. Here, off-diagonal elements of gαβ¯ are omitted as they will contribute
nothing to the inflationary dynamics to be discussed here.
Now, using the the superconformal factor (3.5) in the definition (3.6) of the Ka¨hler
potential, we may obtain the following derivatives of Ka¨hler potential with respect to the
superfields Φ, S, S˜ and to their respective complex conjugates as
KS = Ω−2S¯, KS¯ = Ω−2S, KS˜ = Ω−2 ¯˜S, K ¯˜S = Ω−2S˜,
KΦ = Ω−2
(
Φ¯− 3
2
χΦ− 2ζΦΦ¯2
)
, KΦ¯ = Ω−2
(
Φ− 3
2
χΦ¯− 2ζΦ2Φ¯
)
. (3.9)
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According to the definition of the Ka¨hler metric given in the equation (2.3), its diagonal
components for our model can be obtained from these results as given by
gSS¯ = Ω
−2
[
1 +
1
3
Ω−2SS¯
]
, (3.10)
g
S˜
¯˜
S
= Ω−2
[
1 +
1
3
Ω−2S˜ ¯˜S
]
, (3.11)
gΦΦ¯ = Ω
−2
[
(1− 4ζΦΦ¯) + 1
3
Ω−2G(ΦΦ¯)
]
, (3.12)
where
G(ΦΦ¯) = f(ΦΦ¯)f(Φ¯Φ) (3.13)
with
f(ΦΦ¯) = Φ− 3
2
χΦ¯− 2ζΦ2Φ¯, (3.14)
f(Φ¯Φ) = Φ¯− 3
2
χΦ− 2ζΦΦ¯2. (3.15)
The corresponding components of the conjugate Ka¨hler metric are
gSS¯ =
Ω4
Ω2 + 13SS¯
, (3.16)
gS˜
¯˜
S =
Ω4
Ω2 + 13 S˜ ¯˜S
, (3.17)
gΦΦ¯ =
Ω4
Ω2(1− 4ζΦΦ¯) + 13G(ΦΦ¯)
. (3.18)
Similarly, derivatives of the potential (3.1) and its conjugate with respect to the superfields
and to their respective conjugate fields are
WS = λS˜Φ, WS˜ = λSΦ, WΦ = λ
(
SS˜ − v
2
2
)
,
W¯S¯ = λ ¯˜SΦ¯, W¯ ¯˜S = λS¯Φ¯, W¯Φ¯ = λ
(
S¯ ¯˜S − v
2
2
)
. (3.19)
Using results (3.9), (3.16), (3.17), (3.18) and (3.19), the supergravity F-term potential
(3.8) in the Einstein frame for the superpotential (3.1) can be expressed explicitly in terms
of superfields as
VE =
Ω−2
Ω2 + 13 |S|2
λ2|ΦS˜|2 + Ω
−2
Ω2 + 13 |S˜ |2
λ2|ΦS|2
+
Ω−2
Ω2(1− 4ζΦΦ¯) + 13G(ΦΦ¯)
λ2(SS˜ − v
2
2
)(S¯ ¯˜S − v
2
2
)
+
Ω−4
Ω2 + 13 |S|2
λ2|Φ|2
[
S˜S(S¯ ¯˜S − v
2
2
) + S¯ ¯˜S(SS˜ − v
2
2
)
]
+
Ω−4
Ω2 + 13 |S˜|2
λ2|Φ|2
[
SS˜(S¯ ¯˜S − v
2
2
) + S¯ ¯˜S(SS˜ − v
2
2
)
]
+
– 8 –
Ω−4
Ω2(1− 4ζΦΦ¯) + 13G(ΦΦ¯)
λ2
[
Φ¯f(ΦΦ¯) + Φf(Φ¯Φ)
]
× (SS˜ − v
2
2
)(S¯ ¯˜S − v
2
2
)
+
Ω−6
Ω2 + 13 |S|2
λ2|ΦS|2
∣∣∣∣SS˜ − v
2
2
∣∣∣∣
2
+
Ω−6
Ω2 + 13 |S˜|2
λ2|ΦS˜|2
∣∣∣∣SS˜ − v
2
2
∣∣∣∣
2
+
Ω−6
Ω2(1− 4ζΦΦ¯) + 13G(ΦΦ¯)
λ2|Φ|2G(ΦΦ¯)
∣∣∣∣SS˜ − v
2
2
∣∣∣∣
2
− 3Ω−6λ2|Φ|2
∣∣∣∣SS˜ − v
2
2
∣∣∣∣
2
. (3.20)
From this potential we find that SUSY global minimum lies at,
〈S〉 = 〈S˜〉 = ± v√
2
, 〈Φ〉 = 0, (3.21)
which preserves SUSY. However, at tree level there is no term in equation (3.20) which
may drive Φ to zero. This problem will eliminate if radiative corrections are taken into
account because, these corrections drive the system towards the global minimum by lifting
the potential in the Φ direction [54, 55]. Moreover, with these vacuum expectation of values
of S and S˜, W leads to the spontaneous breaking of GUT gauge symmetry to SM gauge
symmetry, which may develop topological defects in the end of inflation depending on the
group which is broken. This serious problem will not arise if the GUT gauge groups, such
as GLR and G5X are broken to respective SM gauge groups. In both these cases no cosmic
defects are formed during the breaking. In contrast, the breaking of GUT gauge groups, such
as SU(4)C × SU(2)L × SU(2)R, SU(5) or SO(10) to SM groups lead to the generation of
magnetic monopoles (for details see the Ref. [60] and related references therein).
Let us define various superfields as given by
S = (S1 + iS2)/
√
2, S˜ = (S˜1 + iS˜2)/
√
2 and Φ = (φ+ iθ)/
√
2, (3.22)
where S1, S2, S˜1, S˜2, φ and θ are all real scalar fields. However, for simplification we consider
that S1 = S˜1 = S and S2 = S˜2 = θ = 0. This simplified consideration leads the potential
(3.20) to the following convenient form:
VE =
3S2λ2φ2
(
S2 − v2 + 2Ω2s
)2
4Ω6s
(
S2 + 6Ω2s
) + 3
(
S2 − v2)2λ2(− 3 (1 + 4 ξ)φ2 + 4 ζφ4 + 2Ω2s)
4Ω4s
(
6Ω2s (1− 2ζφ2) + φ2(6ξ + ζφ2)2
) , (3.23)
where Ω2s = 1− 13S2 + ξφ2 + 112ζφ4. This consideration is justified by our premise that only
the real part of the superfield Φ is coupled the gravity. We may now refer this real part φ as
the inflaton field. Moreover, as S and S˜ are members the conjugate pair of superfields play
the role of waterfall field, so magnitudes of corresponding parts of these fields must be same.
In homotopy of the inflaton field we may take the real parts of these fields together as the
waterfall field. Again, if we consider that S2 = S˜2 = S
′ and S1 = S˜1 = θ = 0, then we will
get a potential similar to (3.23) but with a replacement of S → S′ and (S2−v2)→ (S′2+v2).
As we are interested in inflationary trajectories with non-minimally coupled real part
of scalar field to gravity, so afterwards we will focus our attention only on potential (3.23).
It should be noted that this potential has two (gauge) Symmetry Breaking Vacua (SBV) at
φ = 0, S = ± v, (3.24)
where the inflation ends and SUSY is preserved with a fast phase transition driven by the
waterfall field S.
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At this point, it is important to remember that the field φ in the Einstein frame is not
canonically normalized due to non-minimal coupling parameters ξ, ζ 6= 0. The canonically
normalized inflaton field ϕ in the Einstein frame is related to the field φ for only ξ 6= 0 as
follows [22, 45]:
dφ
dϕ
=
ω20√
ω20 + 6 ξ
2φ2
, (3.25)
where ω20 = 1 + ξφ
2. This sort of normalization is already included in our analysis as
under above mentioned considerations related to the superfields, gΦΦ¯ component given in the
equation (3.18) can expressed along S = 0 as
gΦΦ¯ =
Ω40
Ω20(1− 2 ζφ2) + 16φ2(6 ξ + ζφ2)2
, (3.26)
where Ω20 = 1 + ξφ
2 + 112ζφ
4. This equation will take the same form of the equation (3.25)
in the situation of ζ = 0. Moreover, the asymptotic form of solution of the equation (3.25)
shows that in the interval 0 < φ << 1ξ , ϕ ≈ φ (for details see [22]). Since in our work, the
effective range of φ belongs approximately to this interval due to small values of ξ as well as
ζ (see below), so we may consider φ itself as the canonically normalized inflaton field in the
Einstein frame for our further analysis below.
From the numerical calculations we found that the sensible inflations can be obtained
for different small values (e.g. ∼ 10−3) of the parameter ζ with corresponding small values
(e.g. ∼ 10−2) of the parameter ξ. Similarly, same amount of sensible inflation can be
obtained for different small values of ζ by adjusting the corresponding small values of ξ so
that the ratio of their values remains constant. These behavours of the parameters ξ and ζ
develop an ambiguous situation to constraint their values. It is also seen that the value of ξ
should be many times greater than the value of ζ for a reasonable inflation. To avoid such
equivocal situation as well as to simplify the formulations and calculations, and also keeping
the numerically found relation between ξ and ζ in mind as mentioned above, we consider an
analytical relation between these two parameters as
ζ = 3 ξ2 (3.27)
for our present work. So, this relation is applicable to all values of ξ mentioned below to find
the related values of ζ and hence we will not mentioned the value of ζ explicitly for any value
of ξ used in our analysis below. We have derived this relation from the third and fourth terms
of the equation (3.5) on the basis of our consideration that ξ and ζ are the respective first
and second order non-minimal coupling strengths to gravity. It is to be noted that there may
be some other possible relations of type (3.27) between these two parameters for reasonable
inflations.
Fig.1 shows the 3D and contour plots of the potential (3.23) for three different values,
viz., 0.01, 0.10 and 0.50 respectively of the non-minimal coupling parameter ξ. It is observed
that the field system or the inflationary dynamics becomes unstable with a higher value of the
parameter ξ, because with a increasing value of ξ, the range of the inflationary trajectories
to be end at SBV squeezes, whereas the range for the inflationary trajectories along direction
of field S increases. The φ = S = 0 point is one of the unstable or critical points and hence
from this point with S = 0, φ tends to roll to its higher value from both sides to the minimum
of its potential. This rolling is faster for smaller value of the coupling parameter ξ. That
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Figure 1. 3D plots of the potential (3.23) (upper panel). Plots from left to right are for the values
of non-minimal coupling parameter ξ equal to 0.01, 0.10 and 0.50 respectively. The corresponding
contour plots are shown in the lower panel. For these plots the relation between parameters ξ and
ζ is taken as ζ = 3 ξ2. In contour plots, the black points with arrows indicate the possible range of
inflationary trajectories that may end in the SBV, whereas the blue points with arrows are used to
show possible range of normal inflationary trajectories. The red points in these plots indicate the
critical points. For the purpose of the plotting, we have taken v = Mpl and λ = 1. Fields φ and S
are in unit of Mpl. This is applicable to all other plots related to the fields.
is, for higher values of ξ the potential becomes sufficiently flat along the normal inflationary
trajectory (i.e. along S = 0) in comparison to its flatness for the smaller values of ξ (also see
the Fig.2).
The potential along the normal inflationary trajectory is found from the potential (3.23)
as given by
VE(S = 0) =
λ2v4
[
2− (3 + 10ξ)φ2 + 256 ζφ4
]
8Ω40
[
Ω20 + 6φ
2(ξ2 − 13ζ)
] . (3.28)
Now using the relation (3.27) between ξ and ζ, this potential can be simplified further as
VE(S = 0) =
4λ2 v4Q
f6c
, (3.29)
where Q = 4 − 2(3 + 10ξ)φ2 + 25ξ2φ4 and fc = 2 + ξφ2. It is seen that this potential is not
minimum at φ = 0, instead it becomes negative for 0 < |φ| <
√
2(3+10ξ)
25ξ2
. It attains its lowest
negative (minimum) value at φ = ±√2/5ξ, depending on the value of ξ. After this value as
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φ increases, the potential starts to increase towards positive side and then remains positive
for |φ| >
√
2(3+10ξ)
25ξ2 (see the bottom plot of the Fig.2). As the negative potential can not be
used to define the conventional inflation [62] due to associated tachyonic instabilities, we will
use this potential for |φ| >
√
2(3+10ξ)
25ξ2 to study its inflation dynamics depending on the value
of ξ.
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Figure 2. Behaviour of the potential (3.23) along S = 0 (i.e. potential (3.29)) with respect to the
inflaton field φ for different values of non-minimal coupling parameter ξ. After certain initial values
of φ depending on the value of ξ the potential becomes sufficiently flat along the direction of S = 0.
To check the stability of the trajectory of inflation we calculate the masses squared of
all scalar fields, viz., S, S′, θ and φ. The mass squared of the field S obtained from the
potential (3.23) is
m2S =
16λ2
3f8c
[
3φ2f4c − 3v2f2c
(
4− 2(1 + 10ξ)φ2 + 25ξ2φ4)− 4v4(− 4 + 2(3 + 16ξ + 6ξ2)φ2
− 5 ξ2(11 + 12 ξ)φ4 + 75 ξ4φ6)]. (3.30)
From this equation we found that irrespective of the value of ξ, the mass of the field S
remains positive when φ ≥ ± v, but may become tachyonic only for the values of φ < ± v
(in the case when v = Mpl) with a slight dependence on the value of ξ. This tachyonic
state, however, depends on the value of v. This is clearly indicated by the fact that at φ = 0,
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m2S = λ
2v2(v2−3)/3, which shows that the tachyonic state is possible only when v < √3Mpl.
This means that within this range of values of φ there is an instability and hence the inflation
is not well defined there. The top left plot of the Fig.3 shows these features of the mS with
respect to field φ at different values of the ξ as obtained from the equations (3.30). It is seen
that for φ > |v|, m2S is highly dependent on the value of the ξ, as within this range of φ, m2S
decreases very fast with increasing value of the ξ. That is, the field S becomes more heavier
with the increasing φ only for the smaller value of the parameter ξ.
The mass squared of the field S′ can be derived from the potential for S′ corresponding
to the potential (3.23) as discussed above. The expression for the m2S′ can be obtained as
m2S′ =
16λ2
3f8c
[
3φ2f4c + 3v
2f2c
(
4− 2(1 + 10ξ)φ2 + 25ξ2φ4)− 4v4(− 4 + 2(3 + 16ξ + 6ξ2)φ2
− 5 ξ2(11 + 12 ξ)φ4 + 75 ξ4φ6)]. (3.31)
It is seen that m2S′ remains positive for all values of φ. At φ = 0, m
2
S′ = λ
2v2(v2 + 3)/3.
So there is no possible instability region to be associated with the field S′. Just like the
field S, within the initial period of the field φ the mass of the field S′ is also highly coupling
parameter ξ dependent with a similar tendency, but with more prominence for almost all
values of φ within the said period. That is, for this field also mass decreases with increasing
value of ξ and becomes more heavier with increasing φ for smaller value of ξ only. However,
the pattern of variation of m2S′ with respect to φ is appeared to be get inverted for almost
for all values of ξ in contrast to the patterns of m2S for all values ξ (see the top right plot
of Fig.3). It is also found that mass of the field S is heavier than the field S′ within the
initial period of the field φ, but in the latter stage masses of these two fields become almost
equal and also in this stage masses of both these fields decrease rapidly towards zero even
for smaller value of ξ (see the bottom left plot of Fig.3)
The mass squared of the field θ as a function of the field φ can be found from the
potential (3.20) by assuming that S = S˜ = 0 in the potential. Under this assumption the
expression of the mass squared of the field θ is obtained from the said potential as
m2θ = −
4v4λ2
f6c
[
− 32ξ − 120ξ3φ4 + 50ξ4φ6 + 4(−1 + φ2) − 7ξ2φ2(24 + 5φ2)
]
. (3.32)
It is obvious from this equation that the field θ becomes tachyonic for |φ| > 1 (i.e. for
|φ| > v) when ξ → 0. But in the case of non-zero ξ the tachyonic state of the field θ depends
highly on the parameter ξ and the stage of the inflaton field φ. It is seen that in the initial
stage of φ, the field θ gradually comes out of the tachyanic state and at sufficiently high
value of ξ the field remains effectively almost out of this state (see for example the cases
of ξ ≥ 0.1 in the middle left plot of Fig.3). Thus for the case of smaller values of ξ < 0.1,
there are some instabilities along the inflationary trajectory with S = 0 for the field θ within
certain initial range of values of φ. However, beyond this range, i.e. in the latter stage with
|φ| >
√
2(3+10ξ)
25ξ2
as mention earlier, the mass of the field θ becomes positive and gradually
decreases towards zero with further increasing φ, and finally its mass becomes almost zero
even for very small value of ξ (see the bottom middle plot of Fig.3). Thus within this range
of values of φ depending on the value of ξ the inflation could be well defined without any
instability associated with θ. Again at φ = 0, m2θ =
1
4λ
2v4(1+8ξ). This shows that the mass
of the field θ is highly ξ parameter dependent, specially for smaller values of inflaton field φ
apart from its dependence on parameters λ and v (see the middle left plot of Fig.3).
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Figure 3. Variation of mass square of the scalar fields S (top left plot), S′ (top right plot), θ (middle
left plot) and φ (middle right plot) obtained from the equations (3.30), (3.31), (3.32) and (3.33)
respectively for different values of coupling parameter ξ. Bottom plots are to show the variation
patterns of mass square of these fields with respect to the higher values of respective governing fields
for ξ = 0.0164.
From the Fig.3 it is seen that among the fields S, S′ and θ, the field S appears to be
more massive, whereas the field θ appears to be least massive for the value of φ rolling away
from origin with a smaller value of coupling parameter ξ, effectively upto certain period of
inflation. As the field θ remains non-tachyonic within the effective range of inflation as well
as for the values of ξ of our interest (see the section 5), so it will not generate any instability
along the inflationary track (S = 0) as already mentioned above.
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Finally, the mass squared of the inflaton field φ given by the potential (3.23) is
m2φ =
9λ2
4 (S2 − 3)3(S2 − 6)
[
12S8ξ2 − 18v4(3 + 16ξ) + S6(11 + 48ξ − 24(3 + v2)ξ2)
+ S2
(
72 + 36v2(1 + 16ξ) + v4(27 + 48ξ − 72ξ2))
+ 6S4
(− 5− 48ξ + 2v4ξ2 + v2(−5− 16ξ + 24ξ2))]. (3.33)
It is found from this equations that at S = v, mφ = λv
√
18/(v4 − 9v2 + 18). Thus, it is
interesting to note that the inflaton field acquired the constant mass independent of the pa-
rameter ξ, when waterfall field takes the constant parameter value v. This is a distinguishable
behaviour of mφ from the masses of other three fields. The middle right plot of Fig.3 shows
the variation pattern of m2φ with respect to the waterfall field S for different values of the
coupling parameter ξ. From the plot it is seen that the minimum value of the field S above
which the inflaton field φ remains as a real field, increases gradually with the value of the
parameter ξ. At S = 0, m2φ = −14λ2v4(3 + 16ξ). Thus along the inflationary path (S = 0),
the field φ remains in tachyonic state. Moreover, we have seen that the mass of the inflaton
field φ is more sensitive to the higher values (≥ 0.5) of the parameter ξ, as it should be. For
the sake of completeness it should be mention that for smaller values of ξ < 0.5 the mass of
the field φ increases vary rapidly with the field S initially, but the mass decreases effectively
to zero as S increases to its higher value (see the bottom right plot of the Fig.3).
4 Slow-roll inflation parameters and related observables
As mentioned in the previous section, in this section we will use the potential (3.23) only along
the normal inflationary trajectory S = 0, i.e. the potential (3.29) to study the inflationary
observables under the slow-roll approximation. Also we have seen from the previous section
that the flatness of the potential (3.23) or (3.29) is the coupling parameter dependent, such
that the potential becomes sufficiently flat after some initial values of the inflation field φ
depending upon the values ξ. So, within a reasonable degree of approximation it would be
possible to apply the slow-roll approximation to the inflation driven by the potential (3.29). In
the slow-roll inflation scenario, the slow-roll parameters are usually used to set constraints on
the observable parameters produced by a given inflationary potential for the requirement of
acceptable inflation. For a given potential V (ϕ), the usual slow-roll parameters are expressed
as
ǫ ≡ 1
2
∣∣∣∣V
′
V
∣∣∣∣
2
, η ≡ V
′′
V
, ξ2 ≡ V
′V ′′′
V 2
, ξ3 ≡ V
′2V ′′′′
V 3
, (4.1)
in the unit of Mp = 1, where primes denote the derivatives with respect to ϕ. These param-
eters are used to express the observable in the slow-roll approximation of inflation, which
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are
nt = −2ǫ = −r
8
, (4.2)
ns = 1 + 2η − 6ǫ, (4.3)
ntk =
dnt
d ln κ
= 4ǫ(η − 2ǫ), (4.4)
nsk =
dns
d ln κ
= 16ǫη − 24ǫ2 − 2ξ2, (4.5)
nskk =
d2ns
d ln κ2
= −192ǫ3 + 192ǫ2η − 32ǫη2
−24ǫξ2 + 2ηξ2 + 2ξ3, (4.6)
δ2H(κ) =
1
150π2
Λ4
ǫH
, (4.7)
where nt is the tensor spectral index, ntk is its running, ns is the scalar spectral index, nsk
is its running and nskk is the running of the running. δ
2
H(κ) is the density perturbation at
wave number κ and Λ ≡ V 1/4H is the scale of inflation. r is the ratio of tensor to scalar
perturbations, defined by
r ≡ Pt
Ps
= 16ǫ, (4.8)
where Ps =
1
2ǫ
(
H
2π
)2
, and Pt = 8
(
H
2π
)2
(4.9)
are the power spectrum of scalar and tensor perturbations respectively. It should be noted
that all the quantities with a subscript H are evaluated at the inflation scale φH , at which
some 50 – 60 e-folds are produced before the end of inflation. If we define a quantity δns by
δns ≡ 1− ns, (4.10)
then using the equation (4.3) we may rewrite the equation (4.4) as a constraint equation
among the observables as [63]
ntk =
r
64
(r − 8δns). (4.11)
This constraint equation should be satisfied by any model of inflation that is based on the
slow-roll approximation as it is model independent. Hence it would indicate a departure
from the slow-roll approximation if the values obtained for the observables fail to satisfy this
equation.
The reported value of the tensor-to-scalar ratio from the BICEP2 [11] experiment is
r = 0.20+0.07
−0.05. After the foreground subtraction based on dust model its value is reported
as r = 0.16+0.07
−0.05. It is a significantly higher value than the upper bound set by the Planck
Collaboration (r < 0.11 at 95% c.l.) [9, 10], indicating a large scale inflation. From this
reported data of the BICEP2 experiment it can be inferred that the scale of inflation to lie in
the range 2.03×1016 GeV < ∆ < 2.36×1016 GeV. But, most recent combined analysis of the
data of BICEP2 and Keck Array experiments [12] sets the upper limit of r as < 0.07 at 95%
c.l., which is in consistent with the Planck’s upper bound. Similarly, the latest data of Planck
[10] give the constraint on the scalar spectral index with ns = 0.968 ± 0.006 at 68% c.l.. As
the BICEP2 experiment data on r reported in the Ref. [11] is overestimated and also there
is(are) no conclusive observation(s) yet on the expected value r, we will use upper limits of
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Planck’s and BICEP2/Keck’s data on r to analyze our model. Hence, in the light of these
data, if we take δns = 0.032, a simple calculation from the equation (4.11) gives that ntk will
take values within the ranges of −2.51× 10−4 < ntk < 0 and −2.03× 10−4 < ntk < 0 for the
Planck’s and BICEP2/Keck’s upper limits on r respectively. Thus these will additionally set
constraints to test our model.
5 The model’s predictions
Substituting the scalar potential (3.29) in expressions for the slow-roll parameters in the
equation (4.1), we obtain the explicit expressions for these parameters in terms of the inflaton
field φ and the non-minimal coupling parameters ξ along the inflation direction S = 0 as
ǫ =
8φ2
(
6− 100ξ2φ2 + 50ξ3φ4 + ξ(32− 15φ2))2
f2cQ
2
, (5.1)
η =
4
f2cQ
[
− 12− 1600ξ3φ4 + 450ξ4φ6 + 8ξ(− 8 +
21φ2) + ξ2(1016φ2 − 165φ4)
]
, (5.2)
ξ2 =
1
f4cQ
2
[
192ξφ2
(
6− 100ξ2φ2 + 50ξ3φ4 + ξ(32 −
15φ2)
)(− 72− 2050ξ3φ4 + 375ξ4φ6 +
ξ(−424 + 306φ2) + ξ2(2252φ2 − 165φ4))], (5.3)
ξ3 =
1
f6cQ
3
[
768ξφ2
(
6− 100ξ2φ2 + 50ξ3φ4 + ξ(32 −
15φ2)
)2(
144 − 31900ξ4φ6 + 4125ξ5φ8+
ξ(848 − 3060φ2) + 80ξ2φ2(−259 + 78φ2) +
ξ3(54280φ4 − 2145φ6))]. (5.4)
These equations, viz., (5.1), (5.2), (5.3) and (5.4) for the parameters ǫ, η, ξ2 and ξ3
respectively are very complex in form. So, it is not easy to find any analytical relation
among these parameters and hence we need to calculate these parameters from these generic
equations to study the slow-roll inflation to be obtained for the potential (3.29).
It is interesting to see that the slow-roll parameters ǫ, η, ξ2 and ξ3 are independent of
potential parameters λ and v. Consequently λ and v do not have any direct influence on
observables of the slow-roll inflation. However, as the potential (3.29), and the masses of the
scalar fields S, S′, θ and φ depend heavily on parameters λ and v (see equations (3.30) –
(3.33)), the flatness of the potential and hence stability range of inflation should be dependent
on these two parameters. In this context, we have studied the behaviour of the potential
(3.29) for two different sets of combinations of values of λ and v as shown in the Fig.4. From
the figure it is clear that the shape of the potential depends very much on the values of λ and
v, and it is more sensitive to v. With decreasing values of λ and v, the potential becomes
sufficiently flat. Consequently it implies that with decreasing values of λ and v, the value of
the term λ2v2 becomes very small rapidly and hence in particular the tachyonic range of mS
or the instability range of the inflaton field φ will reduce considerably (see the Fig.3).
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Figure 4. Effect of λ and v on the potential (3.29). v is taken in unit of Mpl. The potential depends
heavily on v and λ, and is more sensitive to v. Here the value of ξ is fixed at 0.01.
5.1 Relations between r, ns and φ
For visualization of variation of the tensor-to-scalar ratio r and the scalar spectral index
ns with respect to the inflaton field φ as well as the variation of r with respect to ns, we
may do the numerical calculations by substituting the equations (5.1) and (5.2) in equations
(4.3) and substituting equation (5.1) in the equation (4.8) for different values of non-minimal
coupling parameter ξ. The values of the parameter ξ are decided on the basis of bounds of
data of r and ns as mentioned above. The results of these calculations are shown in the Fig.5.
It is seen that as the constraint set by the Planck’s data on ns = 0.968± 0.006, according to
the upper bounds of r given by the Planck and BICEP2/Keck experiments, the actual value
of r should lies below the values of the same for ξ < 0.0184 and ξ < 0.0164 respectively.
Moreover, the BICEP2/Keck’s data on upper bound of r lies well within the 95% and 68%
confidence level (c.l.) contours obtained from Planck’s data. We found that under the same
constraint, the lower bound of 95% c.l. contour is obtained for the value of ξ = 0.0129 (see
the top left plot of the Fig.5). This indicates that the most probable value of ξ should lie
within 0.0164+0.0020
−0.0035.
The values of φ corresponding to data points in the φ− ns plot (top middle plot of the
Fig.5) are guided to draw the same points in the φ − r plot (top right plot of the Fig.5).
These values of φ are ≈ 35.7 and ≈ 38.5 corresponding to upper bounds of Planck’s (r < 0.11)
and BICEP2/Keck’s (r < 0.07) data respectively. From these two values of φ, we see that
Planck’s and BICEP2/Keck’s bounds on r are closed in the inflationary phases.
It is also clear from the φ− r plot that the value of r is maximum (rmax) at a particular
value of φ (φrmax). However, both data points lie at initial phases than φrmax, such that
smaller the value of data point with smaller ξ, the phase of φ would be slightly more initial
than corresponding φrmax. Thus data points in φ− r plot may be considered as the average
value of r over a certain range of φ including φrmax for the concerned value of ξ. The upper
bounds of BICEP2/Keck’s and Planck’s data on r are found to be the average values of r
over ≈ 82% and ≈ 64% distributions of r with respect to φ for ξ = 0.0164 and ξ = 0.0184
respectively (see the bottom plots of the Fig.5). Therefore during the inflation, the evolution
of φ from φH to φe (at the end of inflation) should always contains the value φrmax, where r
reaches its maximum value rmax before starts to decrease. Moreover, the average values of r
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Figure 5. Variation of the tensor-to-scalar ratio r in terms of the scalar spectral index ns (top left
plot), variation of ns with respect to the inflaton field φ (top middle plot) and variation of r with
respect to φ (top right plot) for different values of non-minimal coupling parameter ξ constrained by
the Planck’s [9, 10] and BICEP2/Keck’s [12] data. In the plots, black coloured solid circle indicates
the Planck’s data and red coloured solid circle indicates the BICEP2/Keck’s data. In the φ− ns and
φ− r plots, the upper bounds of r of Planck’s and BICEP2/Keck’s data correspond to φ ≈ 35.7 and
≈ 38.5 respectively. Contours in the ns−r plot indicate the 95% and 68% c.l. obtained from Planck’s
data. The shaded area in the ns − r and φ − ns plots indicates the range of Planck’s ns data. The
bottom panel’s plots represent the average values of r over certain ranges of distributions of r w.r.t.
φ that are approximately equal to different observed bounds on r.
over whole distributions for ξ = 0.0164 and ξ = 0.0184 are ≈ 0.048 and ≈ 0.053 respectively.
Both these values of r lie within the upper bounds set by the Planck and BICEP2/Keck
collaboration.
It should be noted that upto certain initial value of the inflaton field φ, the inflation
is not well defined (giving random and large values r and ns) due to the reason discussed
in the previous section related to the masses of the scalar fields. From the potential (3.29)
this required initial value of φ can be found as |φ| ≡ φc =
√
3+16ξ
10ξ2 . Thus the initial or the
minimum values of φ from which the inflation is found to be well defined for ξ = 0.0184,
0.0164 and 0.0129 are ≈ 31.2, ≈ 34.8 and ≈ 43.9 respectively. From this initial value of φ
depending on the value of ξ, the potential (3.29) becomes positive and sufficiently flat, and
consequently the mass squared of all fields (S, S′, θ and φ) remain positive favouring for
the slow-roll approximation to the inflation dynamics. Again, we take that value of φ as end
value at which the value of ns becomes equal to 1, and both r and ns become independent
of the parameter ξ. We found this end value of φ ∼ 200. So, our range of φ lies between the
initial value (for a particular ξ) and the end value.
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5.2 Number of e-foldings
To see what are the values of e-foldings that are related with the values of inflaton field
φ corresponding to upper bounds of tensor-to-scalar ratio r set by different experiments as
mentioned above, we have derived the expression for the number of e-foldings [6] given by
the potential (3.29) as
N =
φ2 − φ2c
16
+ a ln
φ
φc
+ b ln
(5ξφ2 − 2
5ξφ2c − 2
)
+ α ln
(10ξ2φ2 − 16ξ − 3
10ξ2φ2c − 16ξ − 3
)
, (5.5)
where
a = (3 + 16ξ)−1,
b = 3
(
25ξ(1 + 4ξ)
)−1
,
α =
3(1 + 12ξ)2(3 + 20ξ)
800ξ2(3 + 28ξ + 64ξ2)
and as discussed in the previous subsection φc is the critical value of φ below which (specially)
the field θ becomes unstable due to tachyonic instability (m2θ < 0). As mentioned there,
these critical values of φ are ≈ 31.2, ≈ 34.8 and ≈ 43.9 for ξ = 0.0184, 0.0164 and 0.0129
respectively. The equation (5.5) also shows that for a physically acceptable value of N ,
φc should be greater than
√
3+16ξ
10ξ2
. This is obvious because at φ =
√
3+16ξ
10ξ2
the potential
becomes just positive as mentioned earlier.
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Figure 6. Variation of the number of e-foldings (N) with respect to the inflaton field φ for different
values of the non-minimal coupling parameter ξ that are used on the basis of bounds of tensor-to-scalar
ratio r set by the Planck [9, 10] and BICEP2/Keck [12] collaborations. In the plot, the black and red
coloured solid circles represent respectively the results corresponding to Planck’s and BICEP2/Keck’s
data on upper bound of r. The Planck’s and BICEP2/Keck’s data give N ≈ 125 with φ ≈ 35.7 and
N ≈ 78 with φ ≈ 38.6 respectively.
The numerical calculations using the equation (5.5) give that the upper bounds of r from
the BICEP2/Keck and the Planck experiments correspond to ≈ 78 and ≈ 125 e-foldings with
φ = 38.5 and φ = 35.7 respectively (see the Fig.6). It is clear that the smaller value of ξ or
r gives smaller value of number of e-foldings for all values of φ. Yet, it is difficult to infer
something from the prediction of number of e-foldings by the potential using this analysis.
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However, it is certain that the model could predict a sufficient number of e-foldings (> 50−60)
for upper bounds of r set by the BICEP2/Keck and the Planck experiments. The number
of e-foldings N ≥ 50− 60 is required for any model of inflation to be valid [6]. Our model’s
prediction in terms of the number of e-foldings is discussed in the subsection 5.6 below.
5.3 Relations between r, ntk and φ
Numerical calculations are done on the equation (4.11) using equations (5.1) and (5.2) via
equations (4.3) and (4.8) to see the variation of the running of the tensor spectral index
ntk as a function of the tensor-to-scalar ratio r and the field φ for different values of the
parameter ξ corresponding to experimental upper bounds on r as mentioned above. The
model independent numerical calculation is also done using equation (4.11) for values of r
from 0 to 0.17. The results of all these calculations are shown in the Fig.7. The model
independent r−ntk curve is found to passages through points on model based r−ntk curves
for different ξ (see the left plot of Fig.7). These points give the values of ntk corresponding
to experimental upper bounds on r (refer to previous section). This suggests that the values
of ntk for ξ < 0.0164 and ξ < 0.0184 lie within the upper bounds of BICEP2/Keck’s and
Planck’s data respectively. From this result we may say that the slow-roll approximation
imposed on our model is appropriate. Furthermore, the value of ntk for the upper bound of
BICEP2/Keck’s data is found to lies well within the 95% and 68% c.l. contours drawn on the
basis Planck’s data. Hence, the most probable value of the non-minimal coupling parameter
ξ should lie within 0.0164+0.0020
−0.0035. This is the same inference as we have drawn above.
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Figure 7. Variation of the running of the tensor spectral index ntk as a function of r and of the field
φ for different values of non-minimal coupling parameter ξ used on the basis of experimental upper
bounds on r. In the r − ntk plot, the dash-dot-dash curve represents the model independent values
of ntk obtained from the equation (4.11) for values of r from 0 to 0.17. In the same plot, contours
represent 95% and 68% c.l. obtained on the basis of Planck’s data. In both plots, the black and red
solid circles represent the results for the upper bounds of the Planck’s and the BICEP2/Keck’s data
on r respectively.
ntk is appeared to has oscillatory nature from negative to positive value with increasing
value of φ (see the right plot of the Fig.7). But the oscillation is asymmetric, as it is seen
that the amplitude of the oscillatory curve on negative side is very large in comparison to
its positive counterpart. Thus on average, each curve will give negative value of ntk for a
particular value of ξ. Comparison with the top right plot of the Fig.5 it is clear that at
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φrmax, ntk reaches to its zero value. This is because, the ntk represents the second harmonics
of the tensor power spectrum, whereas r represents its principal harmonics. ntk attains its
minimum negative value at a particular value of φ during its initial stage of evolution in
the inflation phase. Almost at or near to this stage, the values of ntk for ξ < 0.0164 and
ξ < 0.0184 lie within the upper bounds of BICEP2/Keck’s and Planck’s data respectively.
The values of φ corresponding to both these experimental limits of r are same as mentioned
earlier.
5.4 Relations between r, nsk and φ
For the same purpose as in the previous cases, numerical calculation was done on nsk by
using the generic equation (4.5) via equations (5.1), (5.2) and (5.3) for different values of ξ
as in the earlier cases, the results of which are shown in the Fig.8.
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Figure 8. Variation of the running of the scalar spectral index nsk as a function of r (left plot),
as a function of ns (middle plot) and as a function of the field φ (right plot) for different values of
non-minimal coupling parameter ξ as in the previous cases. In the r − nsk plot, the dash-dot-dash
line represents the model independent values of nsk obtained from the equation (5.6) for values of r
from 0 to 0.17. Contours in the r − nsk and ns − nsk plots indicate the 95% and 68% c.l. obtained
from Planck’s data. The shaded area in the ns − nsk plot indicates range of Planck’s ns data. In all
plots, the black and red solid circles represent the nsk values for upper bounds of the Planck’s and
the BICEP2/Keck’s data on r respectively.
We found that the upper bounds of BICEP2/Keck’s and Planck’s data give that nsk
should take values within 0 < nsk < 5.52 × 10−4 and 0 < nsk < 5.15 × 10−4 respectively.
From these results we used the upper bounds of nsk corresponding to the upper bounds of r
to establish a numerical relation among nsk, r and δns as given by
nsk =
r
16
(6.74 δns − 1.28 r). (5.6)
It is observed that as in the case of ntk, the model independent values of nsk for r = 0
to 0.17 obtained from the equation (5.6), passage through different points on the model
based r − nsk curves depending on the values of ξ (see the left plot of Fig.8). These points
correspond to the results for upper limits of observed value of r as already mentioned. Thus
same inference can be made from r − nsk plot together with ns − nsk plot as in the case of
previous r − ntk plot of the Fig.7 as well as in the case of ns − r plot of the Fig.5. That is,
our model could incorporate both experimental upper limits of r as well as the experimental
value of ns within a specific range of values of the non-minimal coupling parameter ξ. The
value of nsk obtained for the upper bound of BICEP2/Keck’s data is found to lie well within
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the 68% c.l. contour, drawn as mentioned earlier, in the r−nsk plot. However in the ns−nsk
plot, the value of nsk obtained for the upper bound of Planck’s data is also found to lie within
the 68% c.l. contour. Hence, we may infer from here also that the most probable value of ξ
should lie within 0.0164+0.0020
−0.0035 .
As in the case of φ− r plot of the Fig.5, the value of nsk becomes maximum (nskmax)
at a particular value of φ (φnskm). But this happens in a earlier phase of φ for this case than
φ− r plot and accordingly data points are shifted away from nskmax to retain their position
over the specified values of φ as mentioned earlier. Hence, there is a reasonable (and should
be observable) phase difference between the values of r and nsk. It is mainly due to the δns
factor that remains effective in the equation of nsk as clear from the numerical equation (5.6).
Taking the reference of φ − r plot, we have found that the values nsk for upper bounds of
BICEP2/Keck’s and Planck’s data correspond to ≈ 61% and ≈ 78% of total values of φ−nsk
curves for ξ = 0.0164 and ξ = 0.0184 respectively. Thus φnskm should be contained in the
process of evolution of φ during the inflation as in the case of φrmax.
Again, comparing with the φ − ns plot of the the Fig.5, it can be seen that where the
value of ns remains as constant (maximum = 1), there the values of nsk is zero. Moreover,
with higher values of ξ as the values of ns increase very fast at slightly earlier phases of φ
than that with the lower values of ξ, so nsk also increases with similar fashion, but with a
prominent manifestation. These corresponding behaviours of ns and nsk with respect to φ
are due to the fact that nsk is the principal harmonics of the scalar power spectrum and is
the running of ns.
5.5 Relations between r, nskk and φ
Finally, to study the behaviours of nskk with respect to r, ns and φ we have to do the
numerical calculations using the generic expression (4.6) via equations (5.1), (5.2), (5.3) and
(5.4). The results of these calculations are shown in the Fig.9 for different values ξ as in the
earlier cases. It is found that as per the upper bounds of the BICEP2/Keck’s and Planck’s
data of r, the actual value of nskk should lie within the ranges of −1.744 × 10−5 < nskk < 0
and −2.171 × 10−5 < nskk < 0 respectively.
Similar to the case of nsk, we derived a model independent relation for the nskk also in
terms of r and δns from the numerical data in the form:
nskk = − r
256
(84.96 δns − 10.36 r)δns. (5.7)
Same inference can be made from this equation as that is made from the equation (5.6).
Moreover, this equation indicates that the probable value of nskk should be negative for any
value of r other than zero or > 8.2 δns. Here the later limit of r sets a constraint that the
value of r can not be greater than 8.2 δns. This is in agreement with the constraint set by
the model independent equation (4.11) that for the value of ntk should remain as negative
the value of r should be less than 8 δns. Again, comparatively a more squeezed constraint on
r is set by the equation (5.6) is that for the value of nsk to be remain positive the value of r
should be less than 5.62 δns. These constraints on r definitely rule out the reported BICEP2
experiment [11] data on r.
From the r − nskk and ns − nskk plots a similar conclusion can be drawn on the value
of non-minimal coupling parameter ξ, i.e. on the model prediction as in the previous cases.
Moreover, the values of nskk oscillate in between positive to negative values with the in-
creasing values of ns and φ as nskk represents the second harmonics of scalar power spectrum.
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Figure 9. Variation of the running of the running of scalar spectral index nskk as a function of r
(left plot), as function of ns (middle plot) and as a function of the field φ (right plot) for different
values of non-minimal coupling parameter ξ used as in the previous cases. In the r − nskk plot, the
dash-dot-dash line represents the model independent values of nskk obtained from the equation (5.7)
for values of r from 0 to 0.17. Contours in the r − nskk and ns − nskk plots indicate the 95% and
68% c.l. obtained from Planck’s data. The shaded area in the ns − nskk plot indicates the range of
Planck’s ns data. In all plots, the black and red coloured solid circles represent the values of nskk for
the upper bounds of the Planck’s and the BICEP2/Keck’s data on r respectively.
Hence at φnskm, the value of nskk is found to be zero (refer to the Fig.8 and Fig.9). Due
to this fact, points corresponding to the data on φ− nskk plot are shifted towards minimum
negative side.
Thus, our model could predict all conventional observables of the slow-roll approxima-
tion of inflation corresponding to the experimental bounds of the tensor-to-scalar ratio r as
well as to the Planck’s precise experimental value of scalar spectral index ns as mentioned
above. The corresponding predicted values of the inflaton field φ are found to be same for
all observables.
Furthermore, it is worthy to mention that although the equation (4.11) is based on the
model independent derivation, but the equations (5.6) and (5.7) are derived from numerical
results obtained from our model. Thus equations (5.6) and (5.7) can be used explicitly to
test our model from future cosmological observations.
5.6 Observables in terms of number of e-foldings
In order to compare our model’s predictions precisely with other models as well as with
observations, it is necessary to calculate the observables of slow-roll parameters in terms of
number of e-foldings. For this purpose, we have to solve the equation (5.5) of the number
of e-foldings (N) to obtain the inflaton field φ as a function of N . As this equation is very
complex to find such a solution, we may simplify it by neglecting its second and 3rd terms.
This simplification is justified by the fact that the contributions of these two terms to the
value ofN are found to be very negligible in comparison to other two terms from the numerical
calculation for the range of values of ξ we have considered. The second term contribute only
∼ 0.045% and the third term only ∼ 2% on average to the sum of the contributions made by
the first and fourth terms. Thus with this simplification, the field φ can be obtained from
the equation (5.5) approximately as
φ2 ≈
a−1 + β exp
[
16N+φ2c
16α − a
−1
160ξ2α
]
10ξ2
, (5.8)
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where a and α represent the same expression as given in the subsection 5.2 and β = 10ξ2φ2c−
16ξ − 3. As mentioned earlier, for physically acceptable value of φ (or N) φc >
√
3+16ξ
10ξ2
.
Now, the values of r, ns, ntk, nsk and nskk can be obtained in terms of the number of
e-foldings N for a given value of ξ by substituting the equation (5.8) into the the respective
equations (4.8), (4.3), (4.4), (4.5) and (4.6) via equations (5.1), (5.2), (5.3) and (5.4).
Presently, it is almost universally accepted that the number of e-foldings before the end
of inflation were 50 − 60. So in our calculation we have taken three values of number of
e-foldings, viz., N = 50, 60 and 70 by widening the e-folding window in the upper side by
one decade value. Moreover, from above analysis it is clear that the most probable value
of non-minimal coupling parameter ξ should be laid within 0.0164+0.0020
−0.0035 . Hence, under the
constraints of N = 50 − 70 and the Planck’s data of ns, for this calculation also we have
taken three values of ξ = 0.0129, 0.0134 and 0.0139. Also taking into account of values of
the φ for the experimental upper limits of r as mentioned in the earlier occasions, we set the
values of φc = (
√
3+16ξ
10ξ2
) + 0.25 in this particular numerical calculation. Table 1 shows the
estimated values of different observables obtained from our model for the said values of N
and ξ.
Table 1. Estimated values of inflationary observables for the potential (3.29) with non-minimal
coupling parameter ξ = 0.0129, 0.0134, 0.0139 and number e-foldings N = 50, 60, 70. Estimation
of values of r, ns, ntk, nsk and nskk are made by using the equation (5.8) into the the respective
equations (4.8), (4.3), (4.4), (4.5) and (4.6) via equations (5.1), (5.2), (5.3) and (5.4).
ξ N r ns ntk nsk nskk
50 0.0118 0.9596 −5.71× 10−5 4.69 × 10−4 −5.31× 10−7
0.0129 60 0.0190 0.9659 −7.55× 10−5 4.39 × 10−4 −3.67× 10−6
70 0.0290 0.9719 −8.85× 10−5 3.67 × 10−4 −5.49× 10−6
50 0.0153 0.9594 −7.38× 10−5 5.29 × 10−4 −2.25× 10−6
0.0134 60 0.0249 0.9665 −9.45× 10−5 4.69 × 10−4 −5.79× 10−6
70 0.0378 0.9732 −1.04× 10−4 3.64 × 10−4 −6.93× 10−6
50 0.0203 0.9600 −9.51× 10−5 5.80 × 10−4 −4.86× 10−6
0.0139 60 0.0331 0.9679 −1.15× 10−4 4.78 × 10−4 −8.13× 10−6
70 0.0494 0.9750 −1.16× 10−4 3.35 × 10−4 −7.78× 10−6
It is seen from the table 1 that, the values of the tensor-to-scalar ratio r estimated from
our model for the number of e-foldings N = 50 − 70 with non-minimal coupling parameter
ξ = 0.0129, 0.0134 and 0.0139 lie well below the upper limits set by Planck (r < 0.11 at
95% c.l.) [9, 10] and BICEP2/Keck (r < 0.07 at 95% c.l.) [12] collaborations. Similarly,
the estimated values of the scalar spectral index ns from our model for these parameters are
seen to be very close to the latest value of ns (0.968± 0.006 at 68% c.l.) as measured by the
Planck collaboration [10] (in fact for N = 60 and 70 almost all values of ns are laying within
the range of data). Particularly, the value of ns for N = 60 with ξ = 0.0139 is in agreement
with the mean value of the Planck’s data (see the Fig.10 also). Within N = 50 − 70 both
these observables r and ns increase in their magnitudes with increasing value of N . The
general behaviours of all observables with respect to N and ξ are shown in the Fig.10.
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Figure 10. Variation of estimated values of different observables with respect to number of e-foldings
N for the values of non-minimal coupling parameter ξ = 0.0129, 0.0134 and 0.0139. The shaded area
in the N − ns plot indicates range of Planck’s ns data.
6 Summary and conclusions
We have found that the idea of supersymmetric hybrid inflation with non-minimal coupling
to gravity is very interesting and useful, because the simplest version of the model based on
it can accommodate the upper limits for the tensor-to-scalar ratio r set by the Planck and
BICEP2/Keck experiments for the values of non-minimal coupling parameter ξ = 0.0184
and 0.0164 respectively. The values of r for ξ < 0.0164 and ξ < 0.0184, restricted by
the Planck’s data on ns, fall within the range of upper bounds of the BICEP2/Keck’s and
the Planck’s data respectively. Within these ranges of data as well as the said ranges of
parameter ξ, the expected values of the running of the tensor spectral index ntk, scalar
spectral index nsk and its running nskk are found to belong. The values of the inflaton field
φ corresponding to all these observables are found to be ≈ 38.5, and ≈ 35.7 respectively for
upper bound of BICEP2/Keck’s data and upper bound of Planck’s data. The number of
e-foldings corresponding to these values of φ are found to be > 50 as expected. The 95%
and 68% confidence level predictions based on the Planck’s data for all the said observables
indicate that the most probable value of ξ for our model should lie within 0.0164+0.0020
−0.0035 .
Implying that the coupling is very week. More precisely, from the calculations using the
number of e-foldings, the values of r estimated from our model for ξ = 0.0134 ± 0.0005 and
for 50− 70 number of e-foldings are laying well below the upper limits set by the Planck and
BICEP2/Keck collaborations. Similarly, for the said parameters, the values of ns estimated
from our model are in good agreement with its latest Planck data, specially the agreement
is excellent for N = 60 with ξ = 0.0139. Moreover, these estimated values of r and ns are
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also found to be in agreement with the results of the Ref. [51]. Therefore, the most probable
value of the non-minimal coupling parameter ξ is found to be ∼ 0.0134 ± 0.0005.
Thus, this type of model can be used to predict a wide range of observational data
on the cosmic inflation. So, it would be interesting to see the predictions of observables of
the cosmic inflation by other versions of such model in future. In this context, it should be
noted that the running of the scalar spectral index nsk can be considered as a probe of both
inflation itself, and of the overall evolution of the very early universe as its magnitude is
relatively consistent in comparison to tensor amplitude [64]. It is potentially detectable by
future large scale observations through measurements of clustering of high-redshift galaxy
surveys together with CMB data or the 21 cm forest signal observations [64]. In the event
of such measurements, our model of non-minimal coupling of gravity with SUSY hybrid
inflation will play a significant role.
The constrained equation for the running of the tensor spectral index ntk (equation
(4.11)) is derived independent of any model. However, such equations for the running of the
scalar spectral index nsk and its running nskk (equations (5.6) and (5.7) respectively) are
derived numerically based on the structure of our model. All these equations can be used as
constraint equations of slow-roll approximation. Specially, the equation (4.11) can be used
to test slow-roll approximation itself, and equations (5.6) and (5.7) can be used to test our
model from the data of future cosmological observations.
Lastly, it is necessary to mention that to avoid the negative potential of the inflaton
field of our model within the effective range of inflation, we introduced a second order non-
minimal coupling parameter ζ along with the coupling parameter ξ into the superconformal
factor Ω. For simplified formulations and calculations we consider a very effective relation
between ζ and ξ as ζ = 3ξ2. It is already clear that this relationship works very well for our
model. However, there may exists other such possible relations also.
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